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2) V,' RAI'I equipment at a minimum cost. A U.S. Department of Defense objective in sponsor-
ing preparation of this document was that it serve as a guide for application to a
wide range of different types of military equipment.

There are essentially only four types of tasks in a scheduled maintenance program.
Mechanics can be asked to:

Inspect an itemn to detect a potential faiiure
Rework an item before a maximum permissible age is exceeded
Discard an item before a maximum permissible age is exceeded
Inspect an item to find failures that have already occurred but wert not evident

to the equipment operating crew

A central problem addressed in this book is how to determine which types of sched-
uled maintenance tasks, if any, should be applied to an item and how frequently
assigned tasks should be accomplished. The use of a decision diagram as an aid in
this analysis is illustrated. The net result is a structured, systematic blend of
experienie, judgmenlt, and operational data/ information to identify and analyze

whchtpeo mineanetask is both apiblanefctvfoechsignificant
item as it relates to a particular type of equipment. A concluding chapter emphasizes
the key importance of having a mutually supportive partnership between the per-
sonnel responsible for equipment design and the personnel responsible for equip-
ment maintenance if maximum RCM results are to be achieved.

Appendices are included as follows:

Procedures for auditing iihe development and implementation of aa RCM
program

A historica.l review of equipment maintenance evolution
Techniques of performing actuarial analyses ~.
An annotated bibliography J.
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preface.

THIS VOLUME provides the first full discussion of reliability-centered
maintenance as a logical discipline for the development of scheduled-
maintenance programs. The objective of such programs is to realize the
inherent reliability capabilities of the equipment for which they are
designed, and to do so at minimum cost. Each scheduled-maintenance
task in an RCM program is generated for an identifiable and explicit
reason. The consequences of each failure possibility are eva!uated, and
die failures are then classified according to the severity of their conse-
quences. Then for all significant items-those whose failure involves
operating safety or has major economic consequences-proposed tasks
are evaluated according to specific criteria of applicability and effective- 1
ness. The resulting scheduled-maintenance program thus includes all
the tasks necessary to protect safety and operating reliability, and only *
the tasks that will accomplish this objective.

Up to this point the only document describing the use of decision
diagrams for developing maintenance programs has been MSG-2, the
predecessor of P.CM an alysis. MSG-2 was concerned primarily with tlhe
development of prior-to-service programs and did not cover the usE of
operating information to modify the maintenance program after the
equipment enters service or the role of product improvement in cquip-
ment development. The chief focus was on the identification of a set of
tasKs that would eliminate the cost of unnecessary maintenance without
compromising safEty or operating capability. There was no mention of
the problem of estabiishing task intervals, of consolidating the tasks
into work packages, or of making decisions where the necessary infoj-
rmation is unavailable. The treatment of structure programs was sketchy,
and zonal and other general inspection programs were not discused
at all. vii
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The difficulty that many people experienced in attempting to apply
the concepts of MSG-2 indicated the need for change., and additions
simply to clarify many of the points, It was also abundantly clear, h, .w-
ever, that the scope of the material should be expanded to cover the topics
that had not been discussed in that document, This volume includes a

major expansion of the discussion on the problem of identifying func-

tionally and structurally significant items. The RCM decision diagramI
itself is quite different from the one used for MSG-2. Instead of beginning
with the evaluation of proposed maintenance tasks, the decision logic

begins with the factor that determines the maintenance requirements of
each item - Llhe consequences of a functional failure - and then an evalu-I
ation of the failure modes that cause it. This new diagram also recog-
nizes the four basic maintenance tasks that mechanics can perform
(instead of three maintenance processes), thereby clarifying the treat-
ment of items with hidden functions. The role of a hidden-function
failure in a sequence of multiple independent failures is stressed, and
it is also shown that the consequences of a possible multiple failure areI explicitly recognized in the definition of the consequences of the first
failure.I

Another important aspect of the RCM decision logic is that it
includes a default strategy for making initial maintenance decisions in
the absence of full information. There is a full discussion of the problem
of assigning task intervals, particularly those for first and repeat on-
condition inspections. The role of age exploration and the use of infor-
mation derived from operating experience, both to modify the initial
maintenance program and to initiate product improvement, is discussed
at len~gth. The content of scheduled- maintenance programs developed

by experienced practitioners of MSG-2 techniques may be quite similar
to the programs resulting from RCM analysis, but the RCM_ approach is
moure rigorous, and there should be much more confidence in its out-
come. The RCM technique can also be learned more quickly and is more
readily applicable to complex equipment other than transport aircraft.

Part One of this volume presents a full explanation of the theory
and principles of re~iability-centered maintenance, including a discus-
sion of mne failure process, the criteria for each of the four basic tasks,
the use of the decision1 logic to develop an initial program, and the
age-exploration activities that result in a continuing evolution of this
program after the equipment enters service. Part Two describes the
app!ication of these principles to the analysis of typical items in the
systems, powerplant, and structure division of an airplane; the consid-
erations in packaging the RCM tasks, along with other scheduled tasks,
for actual implementation; a the information systems necessary for
management of the ongoing maintenance program. The concluding
chapter discusses the relationship of scheduled maintenance to operat-

Vill ing safety, the design -maintenance partnership, and t0-.c! application of
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RCM analysis both tn in-service fleets and to other types of complex
equipment.

The text is followed by four appendices. Appendix A outlines theI principles of auditing a program- development project and discusses
some of the common problems that arise during analysis. This material
provides an excellent check list for the analyst as well as the auditor and
should be especially useful as a teaching aid for those conducting train-F ing groups in RCM methods. Appendix B i3 a historical review of the
changes in maintenance thinking in the airline industry. Appendix C isI' a discussion of the engineering procedures and techniques used in
actuarial analysis of reliability data. Appendix D, written by Dr. James
L. Dolby, is a discussion of the literature in reliability theory, information
science, decision analysis, and other areas related to RCM analysis and
provides an annotated guide to this literature as well as to the specific
literature on reliability-centered maintenance. Dr. Howard L. Resnikoff
has written an accompanying mathematical treatment of the subject,
titled Mathiematical Aspects of Reliability -Cen tered Maintenance.

Abook of this nature is the result of many efforts, only a few of
which can be acknowledged here. First of all, we wish to express our

L ~ gratitude to the late W. C. Mentzer, who directed khe pioneering studies
of maintenance policy at United Airlines, and to the Federal Aviation
Administration for creating the environment in which this work was

L developed over the last twenty years. We also thank Charles S. Smith
and Joseph C. Saia of the Department of Defense, who defined the Con-
tent of the present text and counseled us throughout its preparation.
James L. Dolby of San Jose State University, iii addition to preparing
the bibliography, contributed his expertise to the text. In particular,
he helped to develop the concept of partitioning to identify significant
items and the concept of default answers as part of the decision logic,
as well as advising us on the actuarial appendix. Nancy Clark edited
our eiforts and organized them for clear exposition. Her logical thought
processes resulted in numerous major improvements throughout and
made possible the successful translation of our manuscript to textbook
form.

Much help on specific areas of the text has come from friends and
cowotkers in the industry. We especially wish to thank Mel Stone of
Douglas Aircraft for his extensive help with the structure chapter, John
F. McDonald of the Flying Tiger Line for his comments on the theoretical
chapters, and John F. Pirtle of General Electric for his comments on the
powerplant chapter. Of the many others whose contributions influenced
the text in soine important respect, we give pairicular thanks to Thomas
M. Edwards of United Airlines, Thomas D. Matteson of United Airlines,
Ernest Boyer of the Federal Aviation Administration, Captain L. Ebbert
of the U.S. Navy, Edward L. Thomas of the Air Transport Association,
and Robert Gard of the University of Missouri. ix
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We are also grateful to the ma. y people at United Airlines who pro-
vided us with specific help and assistance, The manuscript itself would
not have materialized without the efforts of Marie Tilson, who cheerfully
typed and retyped the material through many drafts, We also thank
Claudia Tracy, whose artwork made the draft manuscript more readable,
and J. Douglas Burch, whose efforts throughout the project helped bring
it to completion~. Finally, we would like to thank the management of
United Airlines for its patience zind our wives for their encouragement
over the many long months of authorship and publication.

F. Stanley Nowlan
Howard F. Heap
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a maintenance philosophy

A,. operator's maintenance program has four objectives:

0 To ensure realization of the inherent safety and reliability levels of
the equipment

STo restore safety and reliability to their inherent levels when deteri-
oration has occurred

STo obtain the information necessary for design improvement of
those items whose inherent reliability proves inadequate

STo accomplish these goals at a minimum total cost, including main-
tenance costs and the costs of residual failures

Reliatitlity-centered maintenance is based on the following precepts:

0- A failure is an unsatisfactory condition. There are two types of fail-
ures: functional failures, usually reported by operating crews, and
potential failures, usually discovered by maintenance crews.

b0 The consequences of a functional failure determine the priority of
maintenance effort. These consequences fall into four categories:

IP Safety consequences, involving possible loss of the equipment
and its occupants

N Operational consequences, which involve an indirect economic
loss as well as the direct cost of repair

l Nonoperational consequences, which involve only the direct
cost of repair

No Hidden-failure consequences, which involve exposure to a pos-
sible multiple failure as a result of the undetected failure of a

xvi hidden function

I



Scheduled maintenance is required for any item whose loss of func-
tion or mode of failure could have safety consequences. If preven-
tive tasks cannot reduce the risk of such failures to an acceptable
level, the item must be redesigned to alter its failure consequences.

Scheduled maintenance is required for any item whose functional
failure will not be evident to the operating crew, and therefore
reported for corrective action.

In all other cases the consequences of failure are economic, and
maintenance tasks directed at preventing such failuies must be
justified on economic grounds.

All failure consequences, including economic consequences, are
established by the design characteristics of the equipment and can
be altered only by basic changes in the design:

BP Safety consequences can in nearly all cases be reduced to eco-
nomic consequences by the use of redundancy.

Do Hidden functions can usually be made evident by instrumen-
tation or other design features.

Oo The feasibility and cost effectiveness of scheduled main-
tenance depend on the inspectability of the item, and the cost
of corrective maintenance depends on its failure modes and

inherent reliability.
The inherent reliability of the equipment is the level of reliability

lished by the design of each item and the manufacturing processes
that produced it. Scheduled maintenance can ensure that the in-
herent reliability of each item is achieved, but no form of mainte- xvii



nance can yield a level of reliability beyond that inherent in th1e
design.

A reliability-centered maintenanoe program includes only those tasks
which satisfy the criteria for both applicability and effectiveness, The
applicability of a task is determined b'J the characteristics of the ituin,
and its effectiveness is defined in terms of the consequences the task is

designed to prevent. I
There are four basic types of tasks that mechanics can perform, each
of which is applicable under a unique set of conditions. The first
three tasks are directed at preventing functional failures of the
items to which they are assigned and the fourth is directed at pre-
venting a multiple failure involving that item:

lo On-condition inspections of an item to find and correct any
potential failures

lo Rework (overhaul) of an item at or before some specified age
limit

No Discard of an item (or one of its parts) at or before some speci-
fied life limit

llo Failure-finding inspections of a hidden-function item to find
and correct functional failures that have already occurred but
were not evident to the operating crew

SA simiple itemi, one that is subject to only one or a very few failure
modes, frequently shows a decrease in reliability with increasing
operating age. An age limit may be useful in reducing the overall
failure rate of such items, and safe-life limits imposed on a single
part play a crucial role in controlling critical failures. '

SA comnplex itemn, one whose functional failure may result from many 4

different failure modes, shows little or no decrease in overall
reliability with increasing age unless there is a dominant failure
mode. Age limits imposed on complex components and systems
(including the equipment itself) therefore have little or no effect
on their overall failure rates.

The RCM decision diagram provides a logical tool for determining which
scheduled tasks are either necessary or desirable to protect the safety
and operating capability of the equipment.

P, The resulting set of RCM tasks is based on the following considera-I
tions:

xviii Do The consequences of each type of functional failure



I1
No The visibility of a function,.1 failure to the operating crew

(evidence that a failure has occurred)

io 'The visibility of reduced resistance to failure (evidence that
a failure is imnminent)

01- The age-reliability characteristics of each item

oi- The economic tradeoff between the cost of scheduled main-
tenance and the benefits to be derived from it

Oo A multiple failure, resulting from a sequence of 3ndependent fail-
ures, may have consequences that would not be ca,-sed by any one
of the individual failures alone. These consequences are taken

into account in the definition of the failure consequences for the
first failure.

lo A default strategy governs decision making in the absence of full
information or agreement. This strategy provides for conservative
initial decisions, to be revised on the basis of information derived
from operating experience.

A scheduled-maintenance program must be dynamic. Any prior-to
service program is based on limited information, and the operating
organization must be prepared to collect and respond to real data
throughout the operating life of the equipment.

IN Management of the ongoing maintenance program requires an
organized information system for surveillance and analysis of the
performance of each item under actual operating conditions. This
information is needed for two purposes:

10 To determine the refinements and modifications to be made in
the initial maintenance program (including the adjustment of
task intervals)

10 To determine the needs for product improvement

lo The information derived from operdting experience has the follow-
ing hierarchy of importance:

No Failures that could affect operating safety

0- Failures that have operational consequences

10 The failure modes of units removed as a result of failures
No The general condition of unfailed parts in units that have

failed

10 The general condition of serviceable units inspected as
samples xix
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1,At the time an initial program is developed information is available
to determine the tasks necessary to protect safet-y and operating
capability. However, the information required to determine opti-
mum task intervals and the applicability of age limits can be
obtained only from age exploration after the equipment enters
service.

0I With any new equipment there is always the possibility of un-
anticipated failure modes. The first occurrence of any serious
unanticipated failure immediately sets in motion the following
product- improvement cycle:

00 An on-condition task is developed to prevent recurrences
while the item is being redesigned.

10 The operating fleet is modified to incorporate the redesigned
part.

00 After the modification has proved successful, the special task
is eliminated from the maintenance~ program.

Product improvement, based on identification of the actual relia-
bility characteristics of each item through age exploration, is part
of the normal development cycle of all complex equipment.

ILI
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CHAPTER ONE

reliability-centered maintenance

THE TERM reliability-centered mwaintenance refers to a scheduled-maintenance
program designed to realize the inherent reliability capabilities of equip-
ment. For years maintenaaice was a craft learned through experience
and rarely examined analytically. As new performance requirements
led to increasingly complex equipment., however, maintenance costs
grew accordingly. By the late 1950s the vc;lume of these costs in the air-
line industry had reached a level that warranted a new look at the entire
concept of preventive maintenance. By that time studies of actual oper-
ating data had also begun to contradict certain basic assumptions of
traditional maintenance practice.

One of the underlying assumptions of maintenance theory has
always been that there is a fundamental cause-and-effect relationship
between scheduled mai-'•nance and operating reliability. This assump-
tion was based on th .,tuitive belief that because mechanical parts
wear out, the reliability oi any equipment is directly related to operating
age. It therefore followed that the more frequently equipment was over-
hauled, the better protected it was against the likelihood of failure. The
only problem was in determining w!at age limit was necessary to assure
reliable operation.

In the case of aircraft it was also commonly assumed that all reli-
ability problems were directly related to operating safety. Over the
years, however, it was found that many types of failures could not be
prevented no matter how intensive the maintenance activities. More-
over, in a field subj,-ct to rapidly expending technology it was becoming

increasingly difficult to eliminate uncertainty. Equipment designers
2 INTRODUCnON were able to cope with this problem, not by preventing failures, but by

,U
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preventing such failures from affecting safety. In most aircraft all essen-
tial functions are protected by redundancy features which ensure that,
in the event of a failure, the necessary function will still be available
from some other source. Although fail-safe and "failure-tolerant" de-
sign practices have not entirely eliminated the relationship between
safety and reliability, they have dissociated the two issues sufficiently
that their implications for maintenance have become quite different.

A major question still remained, however, concerning the relation- -

ship between scheduled maintenance and reliability. Despite the time-
honored belief that reliability was directly related to the inteevals
between scheduled overhauls, searching studies based on actuarial
analysis of failure data suggested that the traditional hard-time policies
were, apart from their expense, ineffective in controlling failure rates.
This was not because the intervals were not short enough, and surely
not because the teardown inspections were not sufficiently thorough.
Rather, it was because, contrary to expectations, for many items the
likelihood of failure did not in fact increase with increasing operating :

age. Consequently a maintenance policy based exclusively on some
maximum operating age would, no matter what the age limit, have little
or no effect on the failure rate.

At the same time the FAA, which is responsible for regulating air-
line maintenance practices, was. frustrated by experiences showing that

3 it was not possible for airlines to control the failure rate of certain types
of engines by any feasible changes in scheduled-overhaul policy. As a
result, in 1960 a task force was formed, consisting of representatives
from both the FAA and the airlines, to investigate the capabilities of CHAPTER 1 3



scheduled maintenance. The work of this group led to an FAA/Industry
Reliability Program, Lisued in November 1961. The introduction to that
program stated:*

T'Le deuelopment of this program is towards the control of reli-
ability through an analysis of the factors that affect reliability and
provide a system of actions to improve low reliability levels when
they exist .... In the past, a great deal of emphasis has been placed
on the control of overhaul periods to provide a satisfactory level of
reliability. After careful study, the Committee is convinced that
reliability and overhaul time control are not necessarily directly
associated topics; therefore, these subjects are dealt with separately.
Because the prcpulsion system has been the area of greatest con-
cern in the recent past, and due to powerplant data being more
.eadily available for study, programs are being developed for the
propulsion system first as only one system at a time can be success-
fully worked out.

This approach was a direct challenge to the traditional concept that
the length of the interval between successive overhauls of an item
was an important factor in its failure rate. The task force developed a
propulsion-system reliability program, and each airline involved in the
task force was then authorized to develop and implement reliability
programs in the area of maintenance in which it was most interested.
During this process a great deal was learned about the conditions that
must obtain for scheduled maintenance to be effective.t It was also found
that in many cases there was no effective form of scheduled maintenance.

I" THE EVOLUTION OF RCM ANALYSIS

'1.,".t (p,.n.,nt ,t t.ick.iun- At United Airlines an effort was made ko coordinate what had been
Ai..;,.iu te~lwo~ie• learned from these various activities and define a generally appli-

i, , __ -cable approach to the design of maintenai :2e programs. A rudimentary

decision-diagram technique was devised in 1965 and was refined over
the next few years.f This technique was eventually embodied in a docu-

*FAA/Industry Reliability Program, Federal Aviation Agency, November 7, 1961, p. 1.

"tHandbook for Maintenance Control l'y Rehiability Methods, FAA Advisory Circular 120-17,
December 31, 1964.
tH. N. Taylor and F. S. Nowlan, Turbine Engine Reliability Program, FAA Maintenance
Symposium on Continued Reliability of Transport-type Aircraft Propulsion Systems,
Washington, D.C., November 17-18, 1965. T. D. Matteson and F. S. Nowlan, Current
I rends in Airline Maintenance Programs, AIAA Commercial Aircraft Design and Opera-
tions Meeting, Los Angeles, June 12-14,1967. F. S. Nowlan, The Use of Decision Diagrams
for Logical Analysis of Maintenance Programs, United Airlines internal document, August
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merit published under the title Handbook: Maintenance Evaluation and
Program Development, generally known as MSG-1.* MSG-1 was used by
special teams of industry and FAA personnel to develop the initial pro-
grain issued by the FAA Maintenance Review Board for the Boeing 747.

As described by the FAA, these teamst

... sorted out the potential maintenance tasks and then evaluated
them to determine which must be done for operating safel.y or
essential hidden function protection. The remaining potential tasks
were evaluated to determine whether they were economically use-
ful. These procedures provide a systematic review of the aircraft
design so that, in the absence of real experience, the best [mainte-
nance] process can be utilized for each component and system.

The Boeing 747 maintenance program so developed was the first attempt
to apply reliability-centered maintenance concepts. This program has
been successful.

Subsequent improvement3 in the decision-diagram approach led
in 1970 to a second document, MSG-2; Airline/Manufacturer Maintenance
Program Planning Document, which was used to develop the scheduled-
maintenance programs for the Lockheed 1011 and the Douglas DC-10.t
These programs have been successful. MSG-2 has also been applied to
tactical milita.:y aircraft such is the McDonnell F4J and the Lockheed
P-3, and a similar document , tepared in Europe was tlbe basis of the
initial scheduled-maintenance programs for such recent aircraft as the
Airbus Industrie A-300 and the Concorde.

The objective of the techniques outlined by MSG-1 and MSG-2 was
t- develop a ;cheduled-maintenance program that assured the maxi-
mum safety and reliability of which the equipment was capable and

would meet this requirement at the lowest cost. As an example of the
economic benefits achieved with this type of programi, under traditional
maintenance policies the initial program for the Douglas DC-8 included
scheduled overhaul for 339 items, whereas the initial program for the
DC-10, based on MSG-2, assigned only seven items to overhaul. One of
the items a/u longer subject to an overhaul limit in the later progra-m was
the turbine engine. Elimination of this scheduled task not only led to
major reductions in labor and materials costs, but also reduced the spare-
engine inventory required to cover shop activities by more than 50
percent. Since engines for larger airplanes now cost upwards of $1
million each, this is a respectable saving.

"747 Maintenance Steering Group, I lanfdtook: Maiin tenance Evahtation anid Plrogra pp Develop-
Pni t (MSG-1), Air Transport Association, July 10, 1968.
"tFederal Aviation Administration Certification Procedures, May 19, 11972, par. 3036.
tAirline/Manufacti ter Maintenance Program Planning Document: MSG-2, Air Transport
Association, R & M Subcommittee, Marcy 25, 1970. SECTION I I 5
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